To examine the influence of definition and location (field, emergency department, or pediatric intensive care unit) of hypotension on outcome following severe pediatric traumatic brain injury.
T raumatic brain injury (TBI) is the reason for as many as 400,000 emergency department (ED) visits each year and is the leading cause of traumatic morbidity and mortality in children (1) . Despite the adverse relationship between hypotension and outcome following severe pediatric TBI, there is no comparison of the commonly used definitions of hypotension nor is there an analysis of the influence of early vs. late hypotension on outcome following severe pediatric TBI.
Studies in adult patients have shown that hypotension left uncorrected in the field is associated with worse outcome than hypotension that is corrected before arrival in the ED (2) . In children, hypotension on admission to the hospital is also associated with poor outcome (3) (4) (5) (6) . Adjusted for injury severity, children presenting to the ED with hypotension following TBI have a three-fold higher mortality rate compared with patients with blood pressure appropriate for age (3) . However, since there are no data examining the relationship between prehospital (field) blood pressure and outcome in children, it is unclear what constitutes low blood pressure immediately following TBI. Additionally, the definitions of hypotension, including location of hypotension, vary by study. This makes it difficult to estimate the true incidence of hypotension and understand the relationship between blood pressure and outcome in pediatric TBI. Finally, since none of the published studies examine blood pressure in severe pediatric TBI longitudinally from the field through pediatric intensive care unit (PICU) discharge in the same cohort of patients, it is not possible to identify the relative importance of early vs. late hypotension in these patients. We designed a study to compare commonly used definitions of hypotension and to examine the influence of location of hypotension in predicting poor outcome following severe pediatric TBI.
METHODS

Study Design.
A retrospective cohort study of children with severe TBI was performed following approval by the Human Subjects Review Committee of the University of Washington.
Subjects and Setting. Children Ͻ14 yrs of age admitted to Harborview Medical Center (HMC; level I pediatric trauma center) over a 5-yr period (1998 -2003) with a diagnosis of severe TBI were eligible for inclusion in the study. The HMC PICU is a tertiary care facility that is staffed by pediatric intensivists. It is a 27-bed unit and serves a five-state region in the Pacific Northwest. The HMC Trauma Registry was used to generate a list of children admitted with severe TBI (head Abbreviated Injury Score Ն3). Children who died or were extubated in the ED or who had PICU admission Glasgow Coma Scale score (GCS) Ն9 were excluded from the final analysis. Transfers from an outside facility were included in the analysis.
The following information was abstracted from each patient's medical record: demographic data, Injury Severity Score, ED GCS and PICU admission GCS, and level of consciousness, independence, and disability at hospital discharge. ]) in either the ED or PICU were recorded. First computed tomography results (within 24 hrs of admission) and the presence of coagulopathy (platelet count Ͻ100 K, international normalized ratio Ͼ1.5, or documented uncontrolled bleeding) were also recorded. The lowest systolic blood pressure (SBP) values in the field, ED, and PICU for every patient were recorded and dichotomized into two groups: SBP Ͻ5th percentile for age and SBP Ͻ90 mm Hg. In this study, data from the scene and primary treating hospital before arrival to the HMC ED were treated as field data. The lowest blood pressure from the field was recorded.
The primary outcome measures were hospital discharge Glasgow Outcome Score (GOS) (7) and hospital disposition where GOS 1 ϭ death, 2 ϭ persistent vegetative state, 3 ϭ major disability, 4 ϭ moderate disability but independent, and GOS 5 ϭ baseline. GOS Ͻ4 reflects poor outcome. We also examined PICU length of stay (LOS) and hospital LOS. Hospital LOS included transfer from HMC to a second acute care hospital and did not include patient rehabilitation care. Poor outcome was defined as hospital discharge GOS Ͻ4 or discharge disposition to either a skilled nursing facility or death.
Statistical Analysis. To identify the better definition of hypotension, we defined hypotension as both SBP Ͻ5th percentile for age and SBP Ͻ90 mm Hg. Since as little as one episode of hypotension may worsen outcome following TBI (2), the relationship between any hypotension in the field, ED, or PICU and outcome was compared using each of the two definitions of hypotension. The hypotension definition that better predicted poor outcome was designated as the better definition of hypotension and used in the subsequent analysis to examine the influence of location of hypotension on outcome. To describe the relationship between location of hypotension and outcome, we used the better definition of hypotension at each of the following sites: field, ED, either field or ED, both field and ED, and PICU. Blood pressures recorded before HMC were considered field blood pressures. The influence of early (field, field or ED, or field and ED) vs. late (PICU) hypotension on outcome was examined. The relationship between "field and ED" hypotension and outcome was examined to describe the relationship between early hypotension burden and outcome.
We used Poisson regression with robust variance estimates (8) to calculate rate ratios and p values for the binomial variables (poor hospital discharge GOS and poor hospital disposition). Chi-square tests assessed whether the parameter estimates significantly differed from zero. We estimated the parameters of the continuous variables (PICU LOS and hospital LOS) with linear regression. We used t-tests to assess whether the parameters significantly differed from zero. Potential confounding variables of the relationship between hypotension and outcome were created to adjust for the occurrence of hypoxia, hypocarbia, hypercarbia, hyperglycemia, and hyperthermia in the ED or PICU, as well as for Injury Severity Score and extracranial Abbreviated Injury Score. Chi-square tests assessed whether low PICU admission GCS (GCS 3) was associated with the presence or absence of any hypotension. None of these variables were significant confounders and were not included in the final models. Final models were adjusted for age and gender. Analyses were conducted using SAS software (SAS Institute, Cary, NC). Data are presented as mean Ϯ SD and adjusted rate ratios with 95% confidence intervals. We considered that p Ͻ .05 reflected significance. Quartiles are given for LOS data as first quartile (Q1), second quartile (Q2), and third quartile (Q3).
RESULTS
Patient Characteristics. The HMC Trauma Registry yielded a list of 172 potentially eligible patients. Seventy-nine patients met exclusion criteria, leaving 93 patients suitable for inclusion in the study. Of the 93 records included for study, field data were missing in five cases, and PICU data were incomplete in four cases. All patients were transported by Airlift Northwest flight nurses, and 54 (58%) were transfers from an outside hospital. The mean age of the cohort was 5.7 Ϯ 4.1 yrs, and 70% were male. In 91 children, the mechanism of trauma was blunt, of which falls (26%) and motor vehicle collisions (26%) were the most common causes. Five (5%) children were victims of nonaccidental trauma. Mean PICU admission GCS was 4.5 Ϯ 2 (GCS motor 3 Ϯ 1), and in 61% of the patients the admission GCS was 3 (GCS motor 1).
Fifty-nine patients (55%) had extracranial injuries. The average Injury Severity Score was 24.3 Ϯ 9.9 (median 25; range 9.0 -54.9). Secondary insults at any time while in the ED or PICU were common (Table 1) . Thirty-eight patients (41%) had documented intracranial hypertension on PICU admission; all were treated for intracranial hypertension in either the ED or PICU. Thirty-one patients (33%) had coagulopathy (international ionized ratio Ͼ1.5 or platelet count Ͻ100 K) while in the ED or PICU. There were no cases of hypoglycemia, and one child received cardiopulmonary resuscitation at some point during hospitalization.
Comparing Definitions of Hypotension. The incidence of hypotension, occurring at some point during the course of acute care, varied by definition ( Fig. 1) and was greater when SBP Ͻ90 mm Hg was used to define hypotension compared with when SBP Ͻ5th percentile for age was used. When compared with SBP Ͻ90 mm Hg, SBP Ͻ5th percentile for age better predicted poor outcome, identifying it as the better definition of hypotension ( Table 2 ). Patient characteristics, according to the presence or absence of hypotension, are given in Table 1 . Although the proportion of patients with GCS 3 was higher in patients with any hypotension compared with patients with no hypotension, this difference was not statistically significant.
Location of Hypotension Using the Better Definition of Hypotension. The incidence of hypotension (SBP Ͻ5th percentile for age) according to treatment location is given in Figure 2 . Nearly 37% (33 of 89) of patients were hypotensive in either field, ED, or PICU. Two children (2.2%) were hypotensive in the field, ED, and PICU. Early hypotension occurred in 28% patients, and 17% patients had late (PICU) hypotension. Hypotension in both "field and ED" was less common (10%; Fig. 2 ). Of the 20 patients who were hypotensive in the field, 45% (nine of 20) had persistent hypotension in the ED (p Ͻ .001). Conversely, new-onset hypotension in the ED was rare (five of 88, 5.7%). Although early hypotension did not predict PICU hypotension, 28% (seven of 25) of those with "field or ED" hypotension had persistent hypotension in the PICU. New-onset PICU hypotension occurred in 9% (eight of 89) patients.
Outcomes. Primary outcomes for this cohort were hospital discharge GOS 3 Ϯ 2 and poor disposition 19%. PICU LOS was 6. The association between location of hypotension and outcome is given in Table 3 . When examined separately, both field and ED hypotension predicted poor outcome with hospital discharge GOS Ͻ4. Field hypotension predicted longer PICU and hospital LOS. ED hypotension predicted poor disposition. "Field or ED" hypotension predicted nearly all measures of poor outcome. Although only nine patients had both "field and ED" hypotension, this indicator of increased early hypotension burden predicted poor outcome in every category. PICU hypotension predicted longer hospital LOS.
DISCUSSION
This study compares two commonly used definitions of hypotension in children with severe TBI and subsequently uses the better of these hypotension definitions to describe the relationship between location of hypotension and outcome. Our main findings are that a) the better definition of hypotension was SBP Ͻ5th percentile for age; and b) early hypotension, documented in the field and/or ED, predicted poor outcome more so than PICU hypotension. This study provides new information regarding the measure of hypotension and the influence of early vs. late hypotension on outcome in children with severe TBI.
The adverse relationship between hypotension and poor outcome in children with moderate and severe TBI has been previously reported, but each study used a different definition of hypotension (3) (4) (5) (6) . In this study, we have shown that the incidence of hypotension varies according to the definition of hypotension used (SBP Ͻ5th percentile for age or SBP Ͻ90 mm Hg). Although this may not be surprising, the comparison of definitions is particularly important for young children in whom SBP 90 mm Hg may be higher than the SBP 5th percentile for age (9 -12) . This means that whereas using SBP Ͻ90 mm Hg to define hypotension might be appropriate in older children, using SBP Ͻ90 mm Hg to define hypotension in younger children might overestimate the true incidence of hypotension. To understand the value of one definition over the other, we compared the different definitions of hypotension in the same patients and found evidence supporting the Brain Trauma Foundation's recommendation that an age-related blood pressure definition (SBP Ͻ5th percentile for age) a Difference between proportion of patients with GCS 3 between the AH and NH groups is not significant (p ϭ .25). Percentage data are with respect to groups AH and NH. be used to define hypotension in children with severe pediatric TBI.
The design of the current study allowed us to compare the influence of hypotension occurring early vs. late in the course of medical care on outcome. Although previous studies have sepa-rately described the relationship between ED and PICU hypotension on outcome, none serially compared the relative importance of the early period to the PICU period in the same population. Studies examining the relationship between PICU hypotension and poor outcome did not consider field and/or ED hypotension in their analyses (13, 14) . Our finding that field hypotension predicted ED hypotension may reflect the fact that therapeutic regimens to maintain or restore hemodynamics can be limited in the field. Although not significant, the high incidence of persistent hypotension in the PICU in children who were hypotensive in the field or ED may be due to severity of injury, suggesting that more aggressive measures may be needed to screen and treat children with severe TBI and early hypotension (15) . In addition to describing the risk of persistent and newonset hypotension in the ED and PICU based on field hypotension, we report a greater strength of association between hypotension occurring in either the field and/or ED than hypotension in the PICU. This is important since both field and ED represent an early period following severe TBI.
Studies of adults have linked early hypotension following TBI with poor outcome (2, 16 -18) . Hypotension occurring at any point from the time of injury through resuscitation has been shown to double the mortality rate (2) . Field hypotension has been correlated with fatal outcomes in adults with polytrauma including TBI (16) , and minimization of hypotensive episodes in the field has been shown to improve outcome (17) . Observations have also been made in experimental TBI where the incidence of hypotension is higher in younger compared with older rat pups (19, 20) . These data suggest that there is a need for early identification and treatment of hypotension in children with severe TBI.
The initial management of TBI includes protecting the injured brain from secondary insults when cerebral blood flow may be compromised and the incidence of impaired cerebral autoregula- SBP, systolic blood pressure; D/C, discharge; GOS, Glasgow Outcome Score; LOS, length of stay. a p Ͻ .01 and b p Ͻ .05 for differences in outcomes between hypotension and normotension for each blood pressure definition. The better predictor of poor outcome was SBP Ͻ5th percentile for age. Poor outcome defined as hospital D/C GOS Ͻ4 or disposition to either skilled nursing facility or death. These data are adjusted for age and gender and are presented as a) adjusted rate ratios (95% confidence interval) for hospital D/C GOS Ͻ4 and poor disposition; and b) total days for PICU and hospital LOS. SBP, systolic blood pressure; ED, emergency department; PICU, pediatric intensive care unit; D/C, discharge; GOS, Glasgow Outcome Score; LOS, length of stay. Early hypotension better predicted poor outcome than late (PICU) hypotension. a p Ͻ .05 and b p Ͻ .01 for differences in outcomes between hypotension and normotension between each location. Early hypotension predicted nearly all measures of poor outcome. Poor outcome defined as hospital D/C GOS Ͻ4, or disposition to either skilled nursing facility or death. Data are adjusted for age and gender and are presented as a) adjusted rate ratios (95% confidence interval) for hospital D/C GOS Ͻ4 and poor disposition; and b) total days for PICU and hospital LOS. tion may approximate 37% (21) (22) (23) (24) . When cerebral autoregulation is impaired, cerebral ischemia may ensue if cerebral perfusion pressure is low. This is important because adult TBI data suggest that persistently impaired autoregulation is associated with poor outcome (25) .
Limitations. The limitations of our study merit discussion. The retrospective nature of this study confined our data collection to what was recorded in the charts, and the data may contain unavoidable bias/residual confounders. It would have been preferable to have longterm outcome data such as 3-, 6-, and 12-month GOS or Fiser scores (26, 27) to assess the impact of hypotension. Unfortunately, there is currently no large or national pediatric database that contains serial hemodynamic data from the field through PICU discharge for a set of patients, making the present relatively small study valuable. As current Brain Trauma Foundation recommendations consider evidence from studies that use both these definitions of hypotension, it makes the current comparative analysis of the two most commonly used definitions of hypotension necessary and important. Another possible limitation is the generalizability of our findings to all children with severe TBI since the data are only from one center and since we had a large number of young patients in our cohort. However, since age Ͻ4 yrs is associated with worse outcomes and published studies on TBI involve mainly children of older ages, the information in this study may be important for identification of young children with TBI at risk for poor outcome.
Although we did not have data from the field and PICU in all patients, data are missing only from a small number of patients, making our results valid. Although it may be more physiologic to use low cerebral perfusion pressure to define hypotension, we used systolic blood pressure instead of mean arterial pressure or cerebral perfusion pressure data in this study, because of obvious logistic constraints on measuring cerebral perfusion pressure in the field or possibly ED. Although our data suggest that hypotension burden may adversely impact outcome, given the retrospective nature of this data, the small number of children with hypotension in the field and ED, and the lack of detailed information regarding hypotension severity or duration in each setting, we only analyzed hypotension as a single event. Although we have identified a definition of hypotension that predicts poor outcome, we cannot comment on the age-related blood pressure needed to achieve the best outcomes. Finally, we cannot, from this retrospective study, distinguish between the effect of hypotension vs. severe TBI on outcome.
CONCLUSIONS
In the present study, early hypotension, defined as SBP Ͻ5th percentile for age in the field and/or ED, was a better predictor of poor outcome than delayed hypotension or the use of SBP Ͻ90 mm Hg following severe pediatric TBI. Early hypotension burden was also associated with poor outcome. This information regarding the influence of measure definition and location of hypotension has potential triage, therapeutic, and prognostic implications for physicians managing children with severe TBI immediately following injury.
